INTRODUCTION
Because the pig can synthesize vitamin C it cannot be considered as a dietary essential for this species, but clearly it is a metabolic essential. The key enzyme L-gulono-γ -lactone oxidase (GLO) necessary for ascorbic acid synthesis is found in pig liver microsomes with D-glucose as the precursor. The body's principal need for vitamin C is as an antioxidant and collagen synthesis, hydroxylation processes, and hormone secretion. Its antioxidant role involves trapping reactive oxygen species (ROS) and making them less reactive, but it is also involved in fetal skeletal development and gonad tissue growth and maintenance. The pig regulates the amount of the vitamin synthesized (via GLO activity), for excesses, as well as deficiencies, can be harmful. The enzyme's activity thus depends upon the source (endogenous or exogenous) and the total quantity of the vitamin provided. This review evaluates the development and changes of the GLO activity during lifecycle changes in the pig, factors affecting its status and synthesis, and the effect of exogenous supplies. When one considers the developmental changes of ascorbic acid status in the pig, critical periods of need, and factors regulating its synthesis, its metabolic need may justify periodic supplementation.
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determining ascorbic acid synthesis than tissue or urinary ascorbic acid values. Tissue accumulation and excretion of the vitamin in young pigs is doubly confounded because colostrum and the later milk consumed by young pigs are rich in this vitamin (7) (8) (9) .
Recent evidence using liver GLO activity as the determinant demonstrated that the pig fetus has a high rate of ascorbic acid synthesis by mid gestation (i.e., day 60), but its activity declined as gestation progressed (18). This is consistent with rat data where fetuses showed no enzyme activity on day 14 and 15 of gestation, but high activities on day 16, whereupon its activity subsequently declined by the end of gestation (61) .
Fetal plasma and tissue have a greater concentration of ascorbic acid than the dam's tissue at comparable stages of gestation (6, 13, 18). Although fetal synthesis may be partially derived from in vivo synthesis, the data imply an active transport mechanism for the vitamin through the maternal-fetal barrier. This is consistent with species that synthesize ascorbic acid (58, 60) or those unable to synthesize the vitamin (67, 91, 95) . The greater tissue ascorbic acid concentration in the developing pig fetus compared with the dam implies a greater metabolic activity in the fetus, which most probably is needed for skeletal and collagen formation (24, 45) .
Although GLO activity prior to day 60 postcoitum has not been established in the pig, it is clear that ascorbic acid is needed during early pregnancy for fetal growth and skeletal formation. At the latter stages of gestation the fetus continues to have the capability to synthesize the vitamin, but the maternal supply effectively seems to cross the placental barrier and subsequently to suppress the activity of fetal GLO.
Fetuses from sows genetically incapable of synthesizing ascorbic acid have demonstrated several pathological conditions in fetal tissue (e.g., edema, subcutaneous bleeding, and abnormal skeletal development) that have contributed to the understanding about the role of ascorbic acid. These conditions are attributed to damage in the placenta, where hemorrhages of the capillary system were extensive (82) .
Placental ascorbic acid in the pig becomes increasingly concentrated as gestation progresses, growing sixfold from day 60 to 80 of gestation and another twofold from day 80 to 100 (18). These responses are comparable to the rat (95) , sheep (58) , human (85) , and guinea pig (25, 79) . Placental ascorbic acid is readily transported in the oxidized form (dehydroascorbic acid) via the glucose transport system (51) , but because this form has a potentially toxic effect on young developing tissue (4), it is readily converted to the reduced (ascorbate) form (21, 79) . The placenta may thus have a role in regulating the ratio of both ascorbic acid forms to the fetus and in maintaining a redox balance.
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MAHAN CHING DABROWSKI
The rapid growth rate of of both muscle and skeletal tissue in the fetus during late gestation not only increases the need for all nutrients, but concurrently increases the antioxidant need for ascorbic acid. The marked decline in placental ascorbic acid during late gestation (18) suggests a greater transfer of placental ascorbic acid to the fetus. The small increase in sow liver GLO activity with the corresponding decline in liver, spleen, and adrenal gland ascorbic acid concentration is consistent with these conclusions (18).
Because the pig is a litter-bearing animal, the duration of the parturition process is often several hours, resulting in a lower blood and oxygen supply to the fetus, depending on its birth order. Under such conditions hypoxia has been shown to exist (5), thus potentially affecting the ascorbic acid status of the neonate. Pigs born late in the birth sequence were found to have lower liver and kidney ascorbic acid concentrations (18), a finding that suggests greater metabolism of the vitamin, but liver GLO activity was similar to those born earlier.
It is common on many commercial swine farm units to induce parturition one to three days prepartum by administering prostaglandin F 2α (PGF 2α ). Early delivery of piglets, however, has often resulted in greater pig mortalities postnatally (13) . Neonatal pigs from sows administered PGF 2α have lower liver and kidney ascorbic acid concentrations, which supports the above observations, but GLO activities were similar to neonates from sows not administered PGF 2α (18).
Following parturition liver ascorbic acid concentration declines from its prenatal level, but kidney ascorbic acid increases. This suggests an increasing metabolic use and mobilization of ascorbic acid, and its subsequent excretion through the kidney (18).
Postnatal Development
NURSING PERIOD The neonatal pig is born with a moderate body reserve and blood concentration of ascorbic acid, but with a low serum and tissue α-tocopherol concentration (19, 69) . Colostrum has a rich supply of both nutrients (7-9, 19, 69) , thus supplying the pig with an immediate source of both antioxidants. The ascorbic acid concentration of sow colostrum and milk is greater than that of other domestic animals (10) . With antioxidant demands imposed from metabolism and stress, the immediate supply of both ascorbic acid and α-tocopherol becomes extremely important to quench oxidative activity in the young neonate (65) . Serum and tissue α-tocopherol concentrations increase in the young pig following the consumption of these milks (69) , but ascorbic acid concentration declines (19) . Liver GLO activity also declines from its prenatal activity within day 3 of age and remains at a low activity while the pig nurses the sow (19) . This suggests that the exogenous supply of ascorbic acid from mammary fluid may suppress liver GLO activity, with the ascorbic acid need completely met by the maternal milk supply. It has been demonstrated (104) that an exogenous source of ascorbic acid, when provided in large quantities, suppresses GLO activity in mice. Recently it has been demonstrated that high dietary levels of vitamin C also suppress GLO activity in the weaned pig (S. Ching, unpublished data).
Liver and adrenal gland ascorbic acid concentrations decline in the nursing pig from its prenatal concentration, but kidney ascorbic acid concentration increases; the latter reflecting excretion of the vitamin (19) . The pig is a rapidly growing animal during the initial postnatal weeks, doubling its weight each week until weaning (∼week 3). The antioxidant demands for tissue metabolism in the young pig would be great. The decline in tissue ascorbic acid during the nursing period and the increased kidney ascorbic acid concentrations would be consistent with this conclusion.
Navel bleeding of neonates in commercial swine herds has been reported to be responsive to supplementation of vitamin C when added to the dam's prepartum diet. The quantity of 1 g/day for a 10-day period prior to farrowing has prevented the condition in problem herds (97) . Although the results demonstrated a positive effect in some herds, no mechanism of action or cause of the vitamin C deficiency in the herds have been reported. The condition is not widespread.
WEANING At the onset of weaning, when the milk and its ascorbic acid supply are eliminated from the pig's diet, a stimulation of liver GLO activity occurs in young pigs. In a recent study (19) , pigs weaned at 10, 17, or 24 days of age (industry average ≤21 days) were found to have liver GLO activities that increased three-to fivefold within seven days of weaning in each group. The relative rate of increase was greater initially for the group weaned at the later age, with GLO activity continuing to increase at weekly intervals in all groups, but was lower at each subsequent measurement period (19) . The greater rate of increase for the group weaned later may have occurred because of the greater amount of metabolism occurring and a greater metabolic need, as these pigs had a larger body size and would have been consuming more feed. They therefore would have a greater need for antioxidant protection. These results clearly demonstrate that ascorbic acid synthesis was stimulated in weaned pigs at the onset of weaning, not at a particular age or body weight. Until ascorbic acid synthesis reached a rate that met the pig's need, tissue depletion of endogenous ascorbic acid and subsequent excretion increases were found to occur. A decline in plasma, liver, adrenal gland, and kidney ascorbic acid concentrations occurs in pigs upon weaning and for the ensuing weeks postweaning (19, 40, 110) . It has been suggested that the pig has inadequate synthesis of ascorbic acid and cannot meet its ascorbic acid need until approximately 8 weeks of age (11, 110) .
It is also during the initial weeks postweaning that serum and tissue concentrations of other antioxidants, particularly α-tocopherol and Se, also decline (69) . Postweaning pig mortalities are frequently reported during this period by commercial swine producers and veterinarians. These mortalities occur with the largest and fastest growing pigs. Although vitamin E and Se deficiencies are frequently implicated as the causative agent, supplemental vitamin C, vitamin E, and Se have not completely resolved the problem. It has also been reported that various management stressors (59) may exacerbate oxidative reactions in the young pig. Consequently, it is possible that ROS accumulate during the period when GLO activity is low in the weaned pig while α-tocopherol and Se concentrations are declining. These factors, combined with stressor agents (e.g., crowding, environment, etc.), may exacerbate the mortality problem.
When neonatal pigs were weaned and fed supplemental vitamin C in liquid form for a 21-day period, performance benefits were not attained nor were blood parameters improved (102) . Supplementation of dietary ascorbic acid to pigs weaned after a normal nursing period has produced variable performances. Published trials conducted with nursery pigs are summarized in Table 1 . These data suggest a positive gain response in nine trials and no gain or a loss in gain in ten trials. The overall mean response to supplemental vitamin C was approximately 17 g/day above that of an average daily gain of ∼500 g/day.
GROWER-FINISHER PIG Vitamin C is important for collagen synthesis. Because the growing pig is rapidly increasing this tissue, the need for vitamin C may be greater during early growth phases. Riker (92) showed that growing pigs fed supplemental vitamin C exhibited fewer abnormalities in the forelegs. Serum ascorbic acid normally increases during the grower-finisher period without supplemental supplies (70) , but no studies have evaluated the changes in GLO activity. Performance responses have been variable (Table 2 ). These responses currently do not justify the dietary addition of vitamin C for the market pig.
Reproduction
The mature pig synthesizes ascorbic acid when dietary starch (i.e., glucose units) or body glycogen stores are in ample supply. Because both the gestating female pig and male pig are generally fed a restricted quantity of feed in order to restrict body fat deposition, the quantity of simple carbohydrates available to the liver may become a limiting factor in ascorbic acid synthesis and thus antioxidant protection. There may be periods or conditions during the reproductive cycle where the biological need for the vitamin is greater than what the body can provide. Feed restriction lowers blood glucose and body glycogen stores, thus potentially reducing ascorbic acid synthesis and possibly some of the steroids essential for reproduction.
FEMALE PIG (SOW)
Pregnant rats with a diet restricted to approximately 40% ad libitum did not maintain their pregnancy during the latter part of gestation, but the addition of vitamin C reversed this response (84) . Glycogen reserves in the liver, placenta, and uterus were lower in the restricted group fed no vitamin C, but glycogen was greater when vitamin C was supplemented. This suggested that vitamin C has an important role in carbohydrate metabolism and fetal survival, at least in rats fed restricted diets. Conversely, when excess glucose was consumed by diabetic rats, the quantity of ROS produced increased along with congenital malformations and resorptions of fetuses (99) . The combination of vitamins C and E, or vitamin E or vitamin C singly, prevented these congenital abnormalities (16) . 
ASCORBIC ACID IN THE PIG
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The results suggest that fetal abnormalities can be produced under conditions of extreme high blood glucose concentrations (e.g., diabetes), but they may be reduced or prevented with vitamin C supplementation. Generally, the adult female pig is not diabetic and when fed a starch diet in excessive amounts its body fat content increases and other problems (e.g., management and infertility) occur. Consequently, the gestating sow and adult boar are normally fed restricted quantities of feed to prevent parturition and future breeding problems. Although severely restricted feed intakes can apparently have an effect on rats that can be mediated by vitamin C, no congenital abnormalities or abortions have been noted with the adult female pig. Even though low feed intakes frequently occur in sows during lactation and/or prior to breeding, congenital defects have not been observed in pigs. The reason for the discrepancy between these species is unclear, but may be the result of the greater buffering capability of energy reserves in the adult female pig from body glycogen and fat depots. Feeding 1 to 2 g of ascorbic acid during the late gestation period of sows has no advantage on reproductive performance during either gestation or lactation periods (68, 116) , but the number of stillbirths may be lower (68) . Under periods of thermal stress supplemental vitamin C has not improved conception rate or other reproductive parameters (37) . Most experiments have thus shown no benefit to supplemental vitamin C when fed to reproducing sows. The reproductive need for ascorbic acid seems to be largely involved in its role as an antioxidant. The corpus luteum loses its functionality when ROS increases, thus destroying the ova. Conversely, the functional corpus luteum during the estrus cycle and gestation has an extremely high concentration of ascorbic acid, thus quenching the ROS that is produced. This permits the maintenance of the corpus luteum (88) . The ascorbic acid may prevent apoptosis of the corpus luteum, subsequently enhancing the developing blastocyst by protecting it against oxidative damage. Toward the end of pregnancy, when PGF 2α and luteinizing hormone are normally released, the ascorbic acid in the corpus luteum is released into the blood, the corpus luteum is destroyed, and parturition occurs (87) . Although ascorbic acid concentration is high in the corpus luteum of the pig during gestation, it declines within a few days of parturition and remains low during early lactation (18).
Ascorbic acid also seems to be involved in protecting the developing conceptus during implantation. Zavy et al. (120) reported a high concentration of ascorbic acid in the lumen of the uterus of the pig during early pregnancy, which suggests its having a protective role.
It has also been demonstrated that ascorbic acid may inhibit the release of prostaglandins (94) and is involved in cholesterol synthesis (36) .
Sow plasma ascorbic acid concentration and liver GLO activity seem to be relatively constant until the latter part of gestation, whereupon liver and plasma ascorbic acid concentrations decline (18, 110) . During the latter period of gestation there is a concurrent increase in fetal liver and plasma ascorbic acid concentration (18), with the colostrum having a high ascorbic acid concentration. Both factors undoubtedly contribute to the declining ascorbic acid status of the dam during late gestation. However, within one to five days postpartum, sow liver GLO activity approximately doubles from late-gestation activity levels, probably reflecting the larger feed intake and greater quantity of ascorbic acid being synthesized and transferred to the milk (18). Consequently, the liver and the adrenal gland in the sow have a greater ascorbic acid concentration during lactation than during late gestation.
MALE PIG (BOAR)
Because the structural maintenance of lipoproteins is dependent upon antioxidants, the need for vitamins E and C is greater during periods of testicular development and sperm production. The essential fatty acids are incorporated into the structural lipids of cellular testicular membranes and the spermatozoa. Steroidgenesis in the testis results in a greater production of ROS, which suggests that the metabolic need for vitamin C and vitamin E is greater. Ascorbic acid is perhaps the best antioxidant in the aqueous phase of body cells. This can have important implications for the male reproductive tract. A minimal amount of research has been conducted with the boar, but important physiological conclusions from research on other species may be applied to the boar. In all species studied testicular tissue and seminal plasma have one of the greater ascorbic acid concentrations of the body. Semen ascorbic acid concentration is high in the rat, in the human, and in poultry (66) . Surai et al. (101) demonstrated an approximate equal distribution of ascorbic acid between the spermatozoa and seminal plasma in the avian species, suggesting it has an important function in both compartments. In contrast, most of the ascorbic acid in the semen of the boar is present in the seminal plasma, not in the spermatozoa (89) . Because of the high concentration of ascorbic acid in gonad tissue, a high ascorbic acid need would be expected. Studies done with other species suggest that ascorbic acid affects the integrity of the tubular structure of the testis, maintaining the layers of collagen that form the complex basal lamina and for the maintenance of the Leydig cells (66) . Seminal plasma ascorbic acid concentration in human seminal plasma was found to be correlated negatively with ROS accumulation and positively correlated with spermatozoa of normal morphology (103) . Humans deficient in ascorbic acid have had lower sperm concentrations and greater incidences of oxidative damage to sperm DNA (33) . Consequently, sperm production, sperm motility, and morphology can be negatively affected under conditions of ascorbic acid deficiency.
The ascorbic acid concentration of the testis of the young growing boar is greater during early life, with the total quantity increasing to adult age (30) . The accessory glands (prostate, Cowper's gland, and seminal vesicle) have a lower ascorbic acid concentration than the testis, with the vitamin concentration greatest in the fluids of the epididymis (30) . Concentration of ascorbic acid in boar semen was thus moderately high, but greater than that found in blood serum (30) .
Under conditions of heat stress, Lin et al. (64) demonstrated greater sperm concentrations with fewer spermatozoa abnormalities when boars were fed 300 mg ascorbic acid per day. Although stress conditions may increase the response to supplementary vitamin C and justify supplementation under such conditions, the routine addition of the vitamin to boar diets does not currently seem warranted.
TISSUE DISTRIBUTION IN THE PIG
Although the liver is the site of ascorbic acid synthesis in the pig, its concentration in and between different tissues varies considerably. Pig tissues of highest ascorbic acid concentration (>1 mg/g wet tissue) are the pituitary and adrenal glands and the aqueous humor in the eye; moderate concentrations (0.25 to 0.75 mg/g wet tissue) are found in the spleen, thymus, thyroid, parathyroid, brain, and eye lens; lesser concentrations (<0.25 mg/g wet tissue) are in the liver, kidney, lungs, heart, loin muscle, and blood plasma (19, 112) . These relative distributions are generally consistent with those of cattle (57), guinea pigs (121), and mice and rats (41) .
When a mutant strain of pigs, unable to synthesize ascorbic acid, was fed vitamin C (50 mg/kg diet) and then the vitamin C was withdrawn from the diet of half the animals, all tissue had a lowered concentration of the vitamin, but the rate of decline differed between tissues. Ascorbic acid concentrations of most tissues of a lesser concentration group (i.e., muscle, tendon), moderate concentration group (i.e., liver, plasma), or the aqueous humor had ascorbic acid concentrations that were more rapidly depleted than the endocrine glands (i.e., adrenal, pituitary, parathyroid) with the brain and eye lens having a minimal decline (112) .
An assessment of the priority of distribution after 14 C-labeled ascorbic acid was intravenously injected demonstrated a greater concentration in the endocrine glands, but lower distributions in the brain, muscles, and connective tissues (46) . The liver, spleen, kidney, pancreas, thymus gland, and lungs had intermediate retention rates (112) , responses generally similar to those of the guinea pig (48) . The lung has a low ascorbic acid concentration, but a genetically mutant strain of pigs unable to synthesize ascorbic acid demonstrated that the concentration in this tissue was rapidly depleted once vitamin C was withdrawn (112) .
Pig reproductive tissue contains a moderate to high ascorbic acid concentration. The testis and corpus luteum have greater tissue ascorbic acid concentrations than other body tissue, with the exception of the adrenal and pituitary glands. During administration, ascorbic acid was more rapidly incorporated into pig testis than into other tissue, but upon ascorbic acid withdrawal the testis retained its ascorbic acid more tenaciously (112). As indicated above, the functional corpus luteum retains ascorbic acid during preovulatory and postovulatory periods, but when PGF 2α was administered the corpus luteum released its ascorbic acid into the circulatory system (88) .
These findings suggest that although tissue has a relatively high ability to accumulate ascorbic acid, the final concentrations differ. The brain tissue accumulates ascorbic acid at a lesser rate, but the rate of depletion is slower than other tissues, responses that are generally consistent with the guinea pig (48, 121) . Reproductive tissue has a high metabolic need for ascorbic acid during the reproductive cycle in both the male and female. The withdrawal of ascorbic acid from various tissues seems to identify those tissues of high and low priority, with the tissues having high metabolic activity tenaciously retaining ascorbic acid for a longer period.
ROLE OF ASCORBIC ACID IN ANTIOXIDANT FUNCTION
Ascorbic acid rapidly loses its electrons and is an excellent reducing agent. Ascorbate is the reduced and biologically active form; dehydroascorbic acid is the oxidized form of vitamin C. In most body tissue dehydroascorbic acid is rapidly converted to ascorbate because of its potential oxidizing effect. Because ascorbate provides electrons rapidly to electron receptors, it produces oxidized compounds that are essential for body development, or its electrons are involved in activating various enzymes. Generally, ascorbate's properties are primarily those of an electron donor.
Although the pig synthesizes ascorbic acid, the circulating blood level is relatively low compared with concentrations in tissue. Recent results indicate that dehydroascorbic acid in pig serum is between 30% and 50% of total ascorbic acid concentrations (17) . Supplemental vitamin C elevates total serum ascorbic acid concentration, but by relatively small increments (70, 72) .
The subsequent transport of ascorbic acid into a cellular compartment is rapid and by active transport. Ascorbate is transported into the cell via a protein carrier that is Na + -and energy dependent. Tissue saturation and ascorbate metabolites inhibit further transport of ascorbate into the cell. In contrast, dehydroascorbate is more rapidly transported into cellular tissue and is Na + -and energy independent (63, 114) . Once inside the cell, dehydroascorbate is rapidly reduced to ascorbate by glutathione. Because of the rapid uptake of dehydroascorbate and its subsequent conversion to the reduced form, in addition to other factors preventing the transport of ascorbate into the cell, cells maintain ascorbate concentrations characteristic of that tissue.
Within the cell, ascorbate acts as a scavenger of reactive oxygen molecules, superoxides, and hydroxyl free radicals, largely produced from normal metabolism. Ascorbate loses an electron in the presence of an oxidizing agent (i.e., electron receptor), forming an ascorbate free radical. Although the ascorbate free radical can be reversibly reduced to ascorbate and reduced nicotinamide adenine dinucleotide semidehydroascorbate reductase (exclusively intracellular enzyme), dehydroascorbic acid or semidehydroascorbic acid are formed (Figure 1 ). Either form can be reversibly converted to ascorbate, or the dehydroascorbic acid's ring structure can be broken, with 2,3 diketo-1-gulonic acid formed and excreted through the kidney (63) .
The lipid-soluble antioxidant in cell membranes is α-tocopherol that upon peroxidation is converted to a tocopherol quinone, whereupon it is reconverted to its active form by the electron donation from ascorbate or glutathione. If located in the membrane bilayer, electrons can be transferred from ascorbate to the extracellular space. There is no evidence that lipid peroxidation occurs from any ascorbic acid analogs (3). Consequently, ascorbic acid readily loses its electrons and is one of the body's most effective and rapid-acting water-soluble antioxidants.
Because the accumulation of ROS may also affect DNA stability, the transcription process, or membrane integrity, vitamin C has a central role in controlling oxidative reactions in the cell. Extracellular ascorbate may prevent low-density lipoprotein oxidation (62) . In the presence of free Fe 3+ or Cu 2+ , ascorbate reduces each of these metals to Fe 2+ , or Cu 1+ , respectively (100). These elements are normally sequestered organically (e.g., Fe in ferritin), thus preventing the more oxidized form from having detrimental effects on body tissue.
Enzyme Activation
Ascorbate is the biochemically active form of vitamin C, and although semidehydroascorbic acid and dehydroascorbic acid are biologically inactive, they are rapidly converted to the reduced form prior to being functionally active (62) . Eight known enzymes require ascorbate for their activation. These reactions involve hydroxylation of proline, hydroxyproline or lysine in collagen synthesis. Ascorbate is essential for carnitine synthesis, the amidation of the carboxyl group for the synthesis of several peptide hormones, or for tyrosine metabolism (62) . BONE METABOLISM Collagen is abundant in connective tissue and provides an extracellular matrix to the body. Several types of collagen are characterized by their unique helical conformations. Ascorbic acid is involved in the synthesis of collagen, principally by its action as a cofactor in the hydroxylation of proline and lysine residues. It regulates collagen polypeptide synthesis and posttranslational hydroxylation and activates two hydroxylases (98) .
A mutant strain of pigs unable to produce GLO and thus ascorbic acid was discovered by Danish workers (53), but similar genetic defects have also been observed in rats (75) . Research results showed that ascorbic acid deficiencies impaired the synthesis of collagen, osteoid tissue, and the vasculature system in developing pig fetuses within 30 days after withdrawal of the vitamin from the dam's diet (82) . Pathological damage to the fetus occurred prior to any evidence of the deficiency in the sow. Degeneration of capillary endothelium in pig fetal placenta was ascribed to defective collagen synthesis (113) . Osteoblast cells were fewer in number and unable to synthesize sufficient quantities of extracellular matrix for the subsequent calcification of bone tissue. Subperiosteal hemorrhages can be observed in some, but not all, fetuses, and in growing pigs, sows, and boars deficient in vitamin C (53, 82, 111) . Although subcutaneous hemorrhages are characteristic of scorbutic animals and were observed in the fetuses of sows unable to synthesize vitamin C, it was not generally observed in growing pigs, sows, and boars genetically incapable of synthesizing the vitamin (113) .
Leg weakness is frequently encountered in both the forelegs and rear legs of growing pigs (56) , but leg structure is particularly important in boars, who use their rear legs in the mating process. Boars with a genetic predisposition for the deficient condition have been identified (28, 55) . Leg abnormalities ascribed to vitamin C deficiency (78) , effects on bone metabolism (90), evidence of osteochondrosis (38, 77) , or ulna dyschondroplasic lesions (107) occur when boars are vitamin C-deficient. However, blood vitamin C concentrations have not been correlated with deformation of the forelegs of pigs (2). High dietary levels of vitamin C also have had no effect on bone metabolism or any bone characteristics (38, 90) . In cell culture, pig bone cell growth was not affected by adding vitamin C to the medium (26) . These combined results indicate that the leg weakness frequently encountered in growing pigs that are capable of synthesizing vitamin C is generally not attributable to vitamin C inadequacy. However, because the abnormality can be produced by a genetic predisposition to inadequate synthesis of ascorbic acid, factors that may increase the metabolic need for vitamin C may exacerbate the condition and the need for the vitamin.
TRACE MINERAL METABOLISM Because ascorbic acid donates electrons rapidly, several trace minerals are affected in the digestive tract. Vitamin C may also alleviate the effects of several transition metals in the body post absorption.
Because the body has a limited capacity to excrete Fe, control of homeostasis occurs primarily at the gastrointestinal level. Several factors affect the absorption of Fe, with inorganic Fe being sensitive to conditions in the gastrointestinal tract.
Gastric pH and ascorbic acid can form soluble Fe-ascorbic acid complexes or convert the dietary Fe salt to the ferrous (Fe 2+ ) form, where both are subsequently absorbed in the duodenum. Upon absorption the Fe 2+ is converted in the mucosal cell to the ferric (Fe 3+ ) form via ceruloplasmin, sequestered with transferrin, and released into the bloodstream as ferri-transferrin (35) . Ascorbic acid is necessary for the subsequent release of Fe from ferri-transferrin by converting Fe 3+ to Fe 2+ prior to its incorporation into essential proteins (e.g., hemoglobin) or its storage in liver or spleenic tissue (35, 74) . Under conditions of ascorbic acid deficiency in humans, guinea pigs, and rats, supplemental ascorbic acid increased Fe absorption, hemoglobin levels, and liver stores of the element (106) . When the Fe status of a vitamin C-deficient mutant strain of boars was evaluated, both plasma Fe and Fe saturation of plasma transferrin were less when the diet was devoid of vitamin C compared with a genetically similar group that was fed vitamin C (112) . Hemoglobin levels were greater as well as liver and spleen Fe contents when the mutant vitamin C-deficient pig had been fed vitamin C.
The classical interactions between Fe and vitamin C reported above are somewhat contrary to that found in pigs capable of synthesizing the vitamin. The neonatal pig has a low body Fe reservoir, at least in relation to its postnatal need; it would normally develop anemia during the initial postnatal weeks unless administered an exogenous source of Fe. Feeding ascorbic acid to neonatal pigs increases the serum and spleenic ascorbic acid concentrations, but not liver or adrenal gland concentrations, nor was there any effect on hemoglobin or hematocrit (54) . Because ascorbic acid concentration is high in colostrum and milk (9, 19) its supplementation is not deemed necessary while the pig nurses the dam.
Supplemental ascorbic acid when fed to weanling pigs has not influenced serum Fe concentrations, except during the last week of one trial where a decline in serum Fe occurred with supplemental vitamin C (115) . Another study incorporated dietary ascorbic acid to 900 ppm and demonstrated a small, but nonsignificant, increase in hemoglobin and hematocrit values and a small increase in liver Fe (72) . Another study evaluated weanling pigs fed diets devoid of supplemental Fe and 500 ppm vitamin C; this research demonstrated increased plasma Fe and an increase in the Fe saturation level of transferrin with added vitamin C (106). These results suggest that the Fe status of pigs capable of synthesizing ascorbic acid is not greatly affected by supplemental ascorbic acid when adequate Fe is present in the diet of young pigs.
Copper is a transient element which, if present in the oxidized form, can be toxic and cause the death of the animal. Ascorbate or glutathione can donate an electron, thus reducing the oxidizing capability of free Cu. However, this may be physiologically irrelevant in the pig because of the sequestering of Cu with organic proteins. Dietary ascorbic acid inhibits Cu absorption in rats by the same mechanism that enhances Fe absorption. Consequently, the reduction of Fe 3+ to Fe 2+ increases the absorption of Fe while converting Cu 2+ to Cu 1+ reduces the absorption of Cu.
Zinc and Se metabolism are influenced by dietary ascorbic acid. Plasma Zn and Se increase when pigs are fed ascorbic acid (23, 113) by presently unidentified mechanisms.
Carnitine Synthesis
Carnitine is required for the formation of acyl carnitine derivatives needed for the transport of long-chain fatty acids into the mitochondria for their subsequent oxidation. Peptide-linked trimethyllysine and methionine are needed for the synthesis of carnitine. Its synthesis involves two hydroxylation reactions with the reduction of Fe. Ascorbate is considered the best reducing agent, at least in vitro, for this reaction (63) . When the precursors for carnitine biosynthesis are present in excess, carnitine is stored in tissue. Consequently, a deficiency would not be expected unless the precursor supply is deficient (63) . Carnitine in animal products is the major dietary source for animals. Although its synthesis is considered adequate for the pig it seems to be low during the immediate period postweaning, concurrent with the period when GLO activity is low and ascorbic acid concentration is declining (19) . Consistent with the factors regulating the synthesis and storage of carnitine, some studies have shown improved performance responses to dietary carnitine when fed to weanling pigs (43, 93) , whereas other reports have not reported beneficial responses (44, 81) . Improved utilization of fatty acids (from soybean oil) has been linked to the addition of carnitine (93) .
Immune Function
The synthesis of ascorbic acid under conditions of disease and/or infection has not been widely investigated with swine. A few studies have been conducted with other species that may give some insight into the physiological responses in the pig. The immune response consists of cellular and humerol functions and both have shown responses to ascorbic acid therapy (47) . Although there are several antioxidants, ascorbate is probably the primary antioxidant in plasma that quenches aqueous peroxyl radicals and/or lipid peroxidation products (34) . Consequently, serum ascorbic acid concentrations decline in animals with infections and in those experimentally injected with a bacterium promoting the immune system (22, 52, 96) . Pigs infested with parasites or infected with erysipelas bacteria show a reduced tissue concentration of ascorbic acid (15) . Vaccination of pigs reduced the ascorbic acid concentration in the adrenals, but when supplemented with ascorbic acid (50 to 70 mg/kg) it induced an increase in plasma ascorbic acid and a 7% weight gain (1).
When ascorbic acid was fed to infected animals, the decline in serum ascorbic acid and phagocytosis activity was prevented while tissue ascorbic acid concentrations increased (85) . This finding suggests that extracellular ascorbic acid may be important in immune stimulation by protecting leukocyte membranes from oxidative damage. Leukocytes have a very high ascorbic acid concentration and may be responsible for transporting ascorbic acid to damaged tissue or to the site of an 95 infection where its reducing capability can be used. Ascorbic acid thus seems to have a crucial role in the immune function of the body.
Stress
Stressors are present daily, but are increased under certain conditions. For pigs these are generally recognized to be at birth, weaning, movement and mixing of pigs, extreme environmental conditions, disease onset, prior to and during slaughter, and at farrowing. Stress assessment is difficult because there are no absolute measurements for this physiological state, but it is generally recognized in pigs by behavioral changes along with increased respiration rates. Changes in various blood metabolites, enzymes, and/or hormones, particularly increased adrenocorticotrophins and glucocorticoids, characterize stress conditions in the pig (29) . Although these and other blood parameters have been used to measure the effects of stress, they are also influenced by other factors, including diurnal variation. At the onset of stress there is a rapid decline of ascorbic acid concentration in the adrenal gland. Upon removal of the stressor and subsequent restoration of homeostasis, the ascorbic acid content of this gland is restored to its resting state (109). Increased urinary excretion of ascorbic acid has been demonstrated in stressed pigs (29) . A reduction of adrenal ascorbic acid content has therefore frequently been used as one of the measurement tools to evaluate stress on an animal (109).
During the latter part of gestation, late births, or after prolonged parturition the ascorbic acid content of the adrenal glands and tissue are lower in fetal or neonatal pigs, respectively (18). The administration of Fe to young pigs during the initial postnatal days can exacerbate the pigs' antioxidant status and thus increase the need for these vitamins. However, because of high colostrum and milk ascorbic acid and tocopherol concentrations, the young pigs' tissues become rapidly saturated with vitamins C and E. Weaning and the resulting inappetence produce a lowered ascorbic acid status in the animal. However, with a dietary supply of highly digestible carbohydrates (12) , the precursor for ascorbic acid synthesis, and the increasing liver GLO activity in the weaned pig that occurs postweaning (19) , ascorbic acid synthesis is endogenously increased to meet the pigs' need. Although placing weanling pigs in a cold environment is a stressor that reduces adrenal ascorbic acid concentration, older pigs do not exhibit the same magnitude of response (31) .
Preslaughter conditions involving the loading and transporting of animals, perhaps for extended periods, mixing pigs with unfamiliar animals, and fasting for 48 hours prior to slaughter have all been identified as stressful situations. Wariss (108) demonstrated that fasting had a minimal effect on adrenal ascorbic acid concentrations, which suggests that other body stores were adequate to restore ascorbic acid in the adrenal. Loading and transporting pigs for short distances (<1 hr) produced a 20% lower ascorbic acid content in the adrenal gland compared with pigs not transported. When pigs were transported for longer periods (>6 hr), adrenal ascorbic acid concentrations were greater than in the group transported for a short period. The authors concluded that the ascorbic acid concentration was partially, but not fully, restored in pigs that were more rested at the end of a long haul (109). The fighting of pigs that generally ensues when unfamiliar pigs are mixed also results in a lower adrenal ascorbic acid concentration, a lower glycogen reserve in the muscle, and a higher ultimate (i.e., 24-hr postslaughter) pH of the loin muscle; this combination of factors is detrimental to meat quality (29) . Pigs that were more involved in establishing their dominance in the herd by fighting had lower adrenal ascorbic acid contents than those that were less aggressive.
The effects of high temperature and humidity can be extremely stressful because pigs do not sweat and, as a consequence, have higher respiration rates to rid the body of extra heat. In reproducing sows the addition of dietary ascorbic acid during high-temperature months did not seem to be effective in altering seasonal infertility (37) . Feeding vitamin C to reproducing boars during the hotter months resulted in higher concentrations of sperm with fewer abnormalities (64) , responses similar to those reported for fowl (86) .
Although stress conditions can in some cases be of benefit to the animal, more often they are detrimental. The pig has the ability to synthesize ascorbic acid and unless the stress is immediate, the pig seems to have the ability to adapt to stressor agents and restore tissue ascorbic acid.
EFFECT OF MEGADOSES
Beneficial responses to supplemental vitamin C have been reported for specific periods of the growth cycle and reproductive phase in animals capable of synthesizing ascorbic acid. On the other hand, when dietary vitamin C is provided in great excess, detrimental responses are demonstrated. Tissue damage that causes the release of Fe would provoke free radical generation via the ascorbate-Fe system (100). The limiting factor is the availability of the free metal ions because these elements are generally tightly sequestered in various body protein complexes. The balance between ascorbate and free transition elements is therefore important. Clearly, the main role of vitamin C in body tissue is to serve as an antioxidant, but when provided in excess it may serve as a prooxidant (100) .
The pig apparently adjusts its synthesis of the vitamin based on the supply of ascorbic acid to the various tissues. For example, in fetal pigs GLO synthesis is high during early gestation, but declines at the latter stages of gestation, presumably because the dam is transferring ascorbic acid to the fetus during late gestation. Postnatally, the pig's synthesis of the vitamin is suppressed by the ample supply of ascorbic acid provided in colostrum and milk until weaning occurs, whereupon synthesis is increased (19) . These results suggest that regulation of vitamin synthesis may be important for the animal in maintaining its oxidation/reduction balance. Feeding megadoses of vitamin C to young pigs increases urinary excretion of ascorbic acid. Liver GLO activity also declined when up to 9000 ppm vitamin C was fed to weanling pigs (S. Ching, unpublished data). These results suggest
